To understand the interaction between nitrogen dopants and native point defects in graphene, we have studied the energetic stability of N-doped graphene with vacancies and Stone-Wales (SW) defect by performing the density functional theory calculations. Our results show that N substitution energetically prefers to occur at the carbon atoms near the defects, especially for those sites with larger bond shortening, indicating that the defect-induced strain plays an important role in the stability of N dopants in defective graphene. In the presence of monovacancy, the most stable position for N dopant is the pyridinelike configuration, while for other point defects studied (SW defect and divacancies) N prefers a site in the pentagonal ring. The effect of native point defects on N dopants is quite strong: While the N doping is endothermic in defect-free graphene, it becomes exothermic for defective graphene. Our results imply that the native point defect and N dopant attract each other, i.e., cooperative effect, which means that substitutional N dopants would increase the probability of point defect generation and vice versa. Our findings are supported by recent experimental studies on the N doping of graphene. Furthermore we point out possibilities of aggregation of multiple N dopants near native point defects. Finally we make brief comments on the effect of Fe adsorption on the stability of N dopant aggregation. 
I. INTRODUCTION
Graphene is a carbon allotrope with a two dimensional (2D) honeycomb lattice. Since its first successful isolation in 2004, 1 graphene has attracted immense attention because of its 2D crystal lattice with atomic thickness and unique electronic structures.
1,2 It has opened up exciting opportunities for developing nanoelectronic devices. 3 In low dimensional systems, the chemical and physical properties of materials can be heavily affected by the lattice imperfection due to the structural defects. 4 The point defects in graphene can be introduced via the formation of vacancies or the atomic rearrangement (e.g., Stone-Wales defect consisting of a pentagon-heptagon (5-7) pair).
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Vacancies in graphene may be formed in low concentrations during the growth process. Alternatively, they may be created intentionally by irradiating materials with electrons or ions or by chemical treatments. 7 Recent advances in microscope technologies enable us to observe the structural defects in graphene at an atomic resolution by the transmission electron microscope (TEM) [8] [9] [10] and the scanning tunneling microscope (STM).
11 -13 On the other hand, recent density functional theory (DFT) calculations show that some of structural defects can induce localized levels close to the Fermi level (E F ), leading to local charging 14 and/or local magnetic moments. 15 Therefore, defects are expected to play key roles in the chemical functionality and electronic transport properties of graphene-based materials.
One simple approach to further tailor the electronic properties of graphene is the incorporation of heteroatoms. For instance, substitution of carbon with nitrogen or boron atoms injects electron or hole carriers, respectively. Such carbon-based materials containing some different elements, called carbon alloys 16 , have been exploited recently to be a high-promising candidate to replace a Pt-based catalyst in the polymer electrolyte fuel cell (PEFC). [17] [18] [19] [20] [21] [22] N doping into graphene can be performed either directly during synthesis or by post-synthetic treatment. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Even the controllable N doping has been realized by NH 3 annealing after ion irradiation 30 or by NH 3 plasma exposure. 31 The presence of large amount of defects in irradiated or plasmatreated graphene has been revealed by a pronounced D band in the Raman spectra. 30, 31 After N doping, the D band becomes more prominent, indicating that N doping is likely to induce non-negligible amount of defects and bond disorders. 26, 30, 31, 34, 36 These suggest that some mutual effects of structural defects and N doping exist during the incorporation of N into graphene. Previous DFT calculations show that the localized edge states play an important role in the stability of N substitution in graphene nanoribbons (GNRs) 37, 38 and clusters. 39 Thus, it raises a question whether the defect-induced localized states also have significant impacts on the N doping of graphene or not. Indeed, some specific configurations of substitutional N next to vacancies in GNRs have already been studied theoretically in literature. 38, 40 In particular, recent work 40, 41 deals with N doping at monova-cancy (MV) and divacancy (DV). In the present work, we study more extensively and systematically the interplay between structural defects and N doping using the DFT calculations with a significantly larger supercell as described in detail below. Furthermore, we discuss briefly the effect of Fe adsorption on the stability of N dopant arrangement, considering that the FeN x complex in graphene may play important roles in the oxygen reduction reaction in the carbon based fuel cell catalyst. 17, 21, 22, 42 We focus on the structural and energetics aspects in this paper. The detailed discussion on the electronic structures will be given in a separate paper.
The remainder of this paper is organized as follows. In Sec. II, we introduce the computational methods for the calculations of N-doped graphene (N-graphene). The computed interaction energies between N dopants and structural defects are presented in Sec. III. Finally, we draw conclusions in Sec. IV.
II. METHOD AND COMPUTATIONAL DETAILS
DFT calculations are performed with the PWSCF code of the Quantum ESPRESSO suite 43 in a plane-wave ultrasoftpseudopotential 44 approach. The exchange-correlation functional is treated by the generalized gradient approximation (GGA) after Perdew, Burke, and Ernzerhof.
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Spin polarization is taken into account if it exists. The kinetic energy cutoffs for wave function and charge are set to 35 and 350 Ry, respectively. A supercell constructed by the 9×9 extension of the hexagonal unit cell of graphene with the calculated lattice constant of 2.463 A for perfect graphene is employed to study the structural defects and the substitution of carbon by nitrogen. To avoid the spurious interaction between graphene layers, the vacuum thickness in the supercell is set to 12.0Å. A 3×3×1 k -point grid in the Monkhorst-Pack scheme 46 is employed to sample the Brillouin zone (BZ) of the above supercell. During geometry optimization, all atoms are fully relaxed until residual forces on constituent atoms are smaller than 0.01 eV/Å.
In this work, the most common types of native point defects (NPDs) are studied as representatives of structural defects in graphene, namely, MV, DV, and StoneWales (SW) defect. Additionally, the hydrogenated monovacancy (H-MV) and the reconstructed DVs are also studied. The optimized atomic structures of defective graphene are shown in • rotation of either bond indicated by arrows shown in Fig. 1(c) . Similarly, the 5555-6-7777 configuration [5555-6-7777 DV, Fig. 1(e) ] can be reconstructed from the 555-777 DV by rotating one of the three bonds indicated by arrows in Fig. 1(d) . For N doping, we consider all the single N substitution of inequivalent carbons Ci in the defect region as marked in Fig. 1 in addition to carbon C0 far from the defect for each defective graphene. Here, such a doped N is denoted as N Ci according to Kröger and Vink. 47 
III. RESULTS AND DISCUSSION
A. Interaction between two substitutional N atoms in perfect graphene
As a first step to examine the aggregation of substitutional nitrogens, the interaction energy ∆E N,N between two substitutional N atoms is calculated according to
where E 0 , E N , and E 2N are the total energies of the supercells of graphene containing zero, one, and two substitutional N atoms, respectively. Figure 2 (a) shows our computed ∆E N,N for two doped nitrogens in the defectfree graphene as a function of their distance. The interaction energy is generally positive (i.e., repulsive) and is found to be much higher for near N-N dimers than for distant ones. For example, as shown in Fig. 2(a) , the interaction energy of the second nearest N C1 -N C3 pair is about 0.36 eV higher than that of the well-separated N C1 -N C10 pair. Thus, such a configuration of two doped N atoms at the second nearest neighbors is unlikely due to its low stability, contrary to the recent proposal based on the STM images of N-graphene. 34 It is interesting to note that two doped N atoms at the third or seventh nearest neighbors (i.e., N C1 -N C4 or N C1 -N C8 pairs, respectively) have very small interaction energy. In a recent study, 48 the stabilities of N C1 -N C4 and N C1 -N C8 pairs are ascribed to the low Coulomb repulsion due to the anisotropic electron charge density redistribution induced by the N substitution. Here we give a different interpretation to the trend seen in Fig. 2 
(a).
The quantity in the inset of Fig. 2 (a) is obtained by integrating the local density of states from E F to E F + 0.25 eV in the presence of a single N dopant at the C1 site in defect-free graphene. As the impurity resonance state appears just above E F as shown in the density of states in Fig. 2(b) , the above quantity corresponds to the weight distribution of the tail of the impurity state. Therefore, if the second N is doped at the site where the tail has a large weight, the two N atoms can form a stronger bond. Therefore we expect that C2, C4, and C8 sites are favorable for the second N dopant. However the N C1 -N C2 pair has too strong of a core-core repulsive interaction due to the shortest N-N distance. As the fourth, fifth, and sixth nearest neighbors (i.e., C5, C6, and C7 atoms) of N C1 have less weight of impurity state tail, the N C1 -N C5 , N C1 -N C6 , and N C1 -N C7 pairs have lower stability than the N C1 -N C4 pair. More detailed discussion on the electronic structures of N-N pairs will be given in a separate paper. Finally we point out that two H adatoms are stably adsorbed on graphene in a way 49 similar to a N-N pair treated here. The stability of two H adatoms was explained in terms of mesomeric effect, which is just another way to take into account the structure of the wave function at the Fermi level. Before discussing the N doping of graphene with NPDs, we assess the stability of NPDs in graphene by calculating their formation energy ∆E 0 (d) as
where E d and E 0 are the total energies of a supercell of undoped graphene with and without a NPD. µ C and µ H are the respective chemical potentials of C and H, which are taken as the total energy per C atom of graphene for C and half of the total energy of an isolated H 2 molecule for H. n C (n H ) is the number of C (H) atoms removed (attached) when NPD is formed. Our computed formation energies are summarized along with those found in literature in Table I . For MV, H termination is found to reduce the formation energy by 1.948 eV/per H, indicating that H-MV is energetically much more favorable. On the other hand, for DVs, we find, in agreement with previous studies, 4,6,50-52 that the most stable configuration is the reconstructed one with three pentagons and three heptagons (denoted as 555-777), rather than the original 5-8-5 DV. It is also seen that the formation energy of SW defect is a few eV lower than that of MV and DVs, which is consistent with the results reported in Ref. 14. All of these validate the computational setup chosen in the present study.
C. Interaction between a single N dopant and a native point defect
The stable positions of N substitution in defective graphene are explored by considering all inequivalent sites around the defect as shown in Fig. 1 for each type of NPDs. The interaction energy ∆E N,d between a N dopant and a NPD is defined as follows:
where E N+d , E 0 , E N , and E d are the total energies of the supercells for the N-graphene with NPDs, the perfect graphene, the N-graphene, and the defective graphene, respectively. The negative value of ∆E N,d indicates the attractive interaction between N dopant and NPD. Equation (3) can also be expressed in the following way. The formation energy of an N dopant in a defective graphene ∆E d (N) and the one in a perfect graphene ∆E 0 (N) are given by
Then we obtain
The right-hand side of this equation is the difference in the N dopant formation energy between a defective graphene and a perfect one. The results of the calculation for ∆E N,d and ∆E d (N) are shown in Fig. 3 for a single N dopant in various defective graphenes as a function of the average bond length (d C * −C ) around the substitution site (C * ). ∆E 0 (N) is estimated as 0.785 eV. For each type of NPDs, the C0 site ( Fig. 1) is separated from the NPD by several C-C bonds and can be an approximated site in a perfect graphene. Therefore, ∆E N,d for the C0 site is nearly zero (at most about -0.3 eV for the MV case) in Fig. 3 . We note the following facts in Fig. 3: (1) For all the stable dopant configurations, ∆E N,d is negatively large implying that a N dopant and a NPD attract each other and that the N dopant formation energy is significantly reduced to being even exothermic by the presence of NPD.
(2) For the most stable site of N dopant in each of the defective graphene, the bond (C * -C) (before N doping) associated with the substitution site (denoted as C * ) is the shortest and much shorter than the corresponding C-C bond (1.422Å) in the perfect graphene, suggesting that the N dopant tends to be located at the site with larger compressed strain in defective graphene.
(3) In the presence of MV, the most stable site for the N dopant is the C1 site, whose configuration may be called pyridinelike with a dangling σ state, 15 and moreover, even if the dangling σ state is passivated by H as in H-MV, 15 the N dopant still energetically prefers the C1 site.
(4) For DVs and SW defect, the N dopant energetically prefers the vertex sites of the five-membered rings, the trend being observed in the N-doped carbon conjugated materials, 53 which is ascribed to higher aromaticity according to Hückel's rule.
Most importantly our results suggest that the creation of defects in graphene before introducing N will enhance the incorporation of N into graphene. This would support the recent experimental studies, in which the authors reported that the NH 3 annealing of graphene after N + -ion * at a six-membered ring, the solid pentagonal ones for C * at a five-membered ring, and the up-triangle symbols for C0 * far away from the defect region. The positions of substitution sites Ci * (here i is the number used to mark the inequivalent sites around the defect region) can be referred to Fig. 1. irradiation 30 or the NH 3 plasma exposure 31 of graphene can be used to realize the N doping of graphene in a controllable manner.
So far, ∆E N,d has been discussed from the view point of the effect of NPD on the N dopant formation energy. Similarly, ∆E N,d can be regarded as the difference in the formation energy of defects after and before N doping. More concretely, the NPD formation energy in the presence of N dopant ∆E N (d) is given by
The one in a perfect graphene ∆E 0 (d) is given by Eq. (2).
The results depicted in Fig. 3 can now be regarded as the energy gain in the NPD formation energy caused by the presence of N dopant. Therefore, they suggest that N doping would increase the probability of point defect generation in graphene. In experimental studies, the Raman spectra of N-graphene have an intense D band, which is generally ascribed to the defects in the sp 2 C network of graphene.
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D. Multiple N dopants near native point defects
For defect-free graphene, as the interaction between two N dopants is repulsive [ Fig. 2(a) ], aggregation of N dopants in a small region is unlikely. However, we showed that a N dopant and a NPD attract each other quite strongly. Therefore, we expect that NPD may induce N dopant aggregation. Figure 4 presents the most stable configurations of multiple N substitutions (m = 2, 3, and 4) in defective graphene. First we point out some characteristic features seen in the stable configurations. In the presence of MV, one of two N dopants occupies the site next to the vacancy to form a pyridinelike N and the other one substitutes for a C atom at a five-membered ring [see Fig. 4(b) ]. This configuration is stable by 0.257 eV compared to that of two pyridinelike N atoms at a MV. For three N dopants at MV, all of them form the pyridinelike configuration. Such pyridinelike N at MV in carbon nanotube (CNT) is proposed to be responsible for the introduction of a large electron donor state in N-doped CNT. 54 The present study shows that the configuration of the three pyridinelike N atoms at MV has a very high stability against the others. For example, the total energy difference between the most stable configuration [see Fig. 4(c) ] and the second stable one [N C1 + N C7 + N C8 , where C8 is the second nearest neighbor of C1 as shown in Fig.4(c) .] of three N substitutions at MV is about 1.763 eV. For two N dopants at the 5-8-5 DV the most stable configuration corresponds to two pyridinelike N atoms [see Fig. 4(f) ]. This configuration is more stable than the one with two N dopants at C4 sites by 0.223 eV. These two pyridinelike nitrogens tend to be closer together, contrary to the corresponding nitrogens at the armchair edge of GNR. 55 Up to three N dopants at the 555-777 DV or up to two N dopants at the SW defect, the most stable configuration is the combined single N dopants, where substitutional N atoms occupy the vertex sites in different five-membered rings. Now we discuss the possibility of N dopant aggregation near a NPD in a quantitative way. We generalize Eq. (4) to the case of multiple N dopants where m N atoms substitute for m C atoms near a NPD to obtain
Figure 5(a) presents ∆E d (mN) for the configurations in Fig. 4 . It is clear that N dopants are particularly stable at MV and that four N dopants at 5-8-5 DV shows also strong stability. The formation energy of a complex of mN dopants plus a NPD is given by the sum of the NPD formation energy ∆E 0 (d) of Table I and ∆E d (mN). Although the formation energy of a NPD without N doping is smallest (largest) for SW (MV), 3N doping at the NPD makes MV have the smallest formation energy. Furthermore, the formation energy of 5-8-5 DV, which is the second largest in undoped graphene, sharply decreases with N doping and becomes the second smallest with 4N doping. In addition to these quantities, we define the formation energy of ith N dopant in a system containing already (i − 1) N dopants near a NPD by the following equation:
Clearly, ∆E d (N i ) is the finite difference of ∆E d (iN) with respect to i and the following relation holds.
Figure 5(b) shows ∆E d (N i ) for i ranging from one to four for each of the different NPDs. So long as ∆E d (N i ) is smaller than 0.785 eV, which is the formation energy of N dopant in perfect graphene indicated with the dotted line in Fig. 5(b) , an aggregate of i N dopants at the NPD is energetically stable if other NPDs are not present. However, the situation may be different in the presence of other NPDs. We consider the case where two NPDs, designated as d 1 and d 2 , exist before N doping and calculate the following energy
which is the sum of formation energies of k 1 N dopants at a d 1 -NPD and k 2 N dopants at a d 2 -NPD. We then find k 1 (k 2 ) which minimizes the above energy for a given set of d 1 , d 2 and m = k 1 + k 2 . We only present some examples of this analysis in the following.
First, we consider the following cases of equivalent two NPDs and present the calculated values of Table II . ( For inequivalent two NPDs (see Table S1 in the Supplemental Material at the link in 56), if one of the two NPDs (d 1 , for example) is MV, selective N doping will occur at MV due to the large negative formation energy of N dopants at MV. However, in our analysis, if the other NPD is 5-8-5 DV or 555-777 DV and m = 4, (k 1 = 3, k 2 = 1) is slightly more stable than (k 1 = 4, k 2 = 0).
Finally we discuss the effect of the adsorbed Fe atom on the stabilities of the m pyridinelike N dopants at the MV [m = 1 and 3, as shown in Fig. 4 Table III is a summary of calculated results. Though detailed discussion on the physical and chemical properties of Fe adsorption to N-doped graphene will be given separately, we here point out an important consequence of Fe adsorption on the stability of N dopant configuration. Combining ∆E 0 (d) of Table I , ∆E d (mN) in Fig. 5(a) and E ad (Fe) in Table III , we find that the formation energy 57 of four N dopants at 5-8-5 DV becomes lower than that of three N dopants at the MV by 2.357 eV in the presence of adsorbed Fe, while the former is higher than the latter by 0.385 eV in the absence of adsorbed Fe. This suggests that four pyridinelike N dopants at the 5-8-5 DV may be quite stable in the presence of iron. The strong stability of the FeN 4 complex was pointed out also in the carbon nanotube.
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IV. CONCLUSION
We have studied the effect of native point defects on the N doping of graphene using DFT electronic structure calculations. Our calculations show that substitutional N doping tends to occur at the carbon sites with larger shrinkage of the defect-induced bond and also at the vertex site of a pentagonal ring if it exists. The presence of native point defects can lower the formation energy of N dopant from being endothermic in defect-free graphene to being exothermic in defective graphene. This suggests that the intentional creation of defect before introducing N dopant will enhance the N doping of graphene. On the other hand, the formation energy of defects is reduced after N doping, indicating that N doping would increase the probability of point defect generation in graphene. We also analyzed possibilities of multiple N doping at a NPD due to the strong attractive interaction between a native point defect and a N dopant. In the actual N doping process of graphene, the partial pressure of N 2 or NH 3 gas, the high-temperature heat treatment, and the kinetic factors may also affect the distribution of doped N. Nevertheless, our analysis may give some insight into the stability of N dopant configuration in the defective graphene. In the present paper, we focused on structural and energetics aspects of the problem. The detailed discussion on the underlying electronic structures will be given in a future publication.
